Using plant EST collections, we obtained 1392 potential gene duplicates across 8 plant species: Zea mays, Oryza sativa, Sorghum bicolor, Hordeum vulgare, Solanum tuberosum, Lycopersicon esculentum, Medicago truncatula, and Glycine max. We estimated the synonymous and nonsynonymous distances between each gene pair and identified two to three mixtures of normal distributions corresponding to one to three rounds of genome duplication in each species. Within the Poaceae, we found a conserved duplication event among all four species that occurred approximately 50-60 million years ago (Mya); an event that probably occurred before the major radiation of the grasses. In the Solanaceae, we found evidence for a conserved duplication event approximately 50-52 Mya. A duplication in soybean occurred approximately 44 Mya and a duplication in Medicago about 58 Mya. Comparing synonymous and nonsynonymous distances allowed us to determine that most duplicate gene pairs are under purifying, negative selection. We calculated Pearson's correlation coefficients to provide us with a measure of how gene expression patterns have changed between duplicate pairs, and compared this across evolutionary distances. This analysis showed that some duplicates seemed to retain expression patterns between pairs, whereas others showed uncorrelated expression.
Introduction
Gene and genome duplication have long been accepted as driving forces in the evolution of eukaryotic genomes (Stebbins 1966; Ohno 1970) . Upwards of 80% of all angiosperms likely have polyploid origins (Masterson 1994) . Genome duplication acts as a mechanism for the creation of genetic diversity through genome expansion, gene silencing, and creation of new gene functions (Pickett and Meeks-Wagner 1995; Petrov 2001) . Until now, a global picture of the timing of genome duplications in the evolutionary histories of major plant species has been lacking.
Duplicate gene analysis allows us to gain an understanding of the processes of genome evolution and the evolutionary trajectories of various plant species (Gaut and Doebley 1997) . A limitation of previous analyses has been the lack of large sequence sets and a commonality of data sources across numerous plant species. While whole genome sequence would be ideal, large-scale expressed sequence tag (EST) projects in maize (Lunde et al. 2003) , Sorghum (http://fungen.org/sorghum.htm), rice (Ewing et al. 1999) , barley (Michalek et al. 2002) , tomato (Van der Hoeven et al. 2002) , potato (Ronning et al. 2003) , soybean (Shoemaker et al. 2002) , and Medicago (Gyorgyey et al. 2000) represent an untapped resource for dissection of gene families and evolutionary studies of genomes.
This study used EST datasets to identify duplicated genes and gain insight into the evolutionary events and selective forces acting upon four Poaceae, two Solanaceae, and two Fabaceae. Using large datasets minimizes a major problem in estimating coalescence times. It is widely accepted that the rate of nucleotide substitution can vary from gene to gene (Wray 2001) . This can cause skewing of estimates of coalescence times when one or a few genes are used to estimate the genetic distance between segments of a genome. However, by drawing upon a large number of gene sequences representing a wide range of functions and genomic locations, the accuracy of divergence estimates increases. Determination of evolutionary distances between large numbers of pairs of duplicated genes allowed us to estimate when these polyploidization events may have occurred as well as patterns of duplication between related species. We also compared EST expression profiles between pairs of duplicated genes to gain insights into changes in gene expression.
Materials and methods

Identification of potential duplicates
Tentative contigs (TCs) for Zea mays, Oryza sativa, Sorghum bicolor, Solanum tuberosum, Lycopersicon esculentum, Medicago truncatula, and Glycine max assembled on 13 May 2002 and Hordeum vulgare assembled on 13 May 2003 were obtained from The Institute for Genome Research (TIGR) genome database (Quackenbush et al. 2000) . Open reading frames (ORFs) were found for each TC consensus sequence with the program getorf (Rice et al. 2000) . A perl script was written to select the longest of all possible ORFs for each TC consensus sequence.
A similarity search of each species-specific longest ORF TC set against itself was done using a TBLASTX search algorithm (Altschul et al. 1990 ). The program MuSeqBox (Xing and Brendel 2000) tabularized the BLAST output, and a perl script was written to parse all potential paralogs. The criteria used were (i) Query and subject coverage must be equal to or greater than 80%; (ii) the subject identified must not be the query itself (a identifying a); (iii) the subject and query were required to be reciprocal (if a identified b, then b must identify a); (iv) only pairs that fit the criteria were considered (i.e., if a triplet, quadruplet, etc. fit all criteria, it was not considered). Using these criteria, the average accepted E value was 6 × 10 -9 . Nucleotide differences within a species as a result of variation among cultivars were minimized by developing genotype-specific contigs (TCs). The most prominent genotype within each EST collection was used. The genotypes used were as follows: Zea mays 'B73'; Oryza sativa 'Nipponbare'; Sorghum bicolor 'BTx623'; Hordeum vulgare 'Barke'; Solanum tuberosum 'Kennebac'; Lycopersicon esculentum 'TA496', Medicago truncatula 'Jemalong', and Glycine max 'Williams' and 'Williams 82'. For G. max both cultivars were used because they are near-isogenic lines supposedly differing only in the introgressed region. Contigs composed of all acceptable genotypes were unchanged, and the TIGR consensus sequence was used in subsequent analyses. Any contigs from which ESTs were removed were recontigged with CAP3 (Huang and Madan 1999) and the parameters originally used by TIGR, 40 bp overlap and 95% similarity (Quackenbush et al. 2000) . The consensus sequences for the genotype-specific contigs were used in subsequent analysis. Finally, any contig containing a single EST, and its paralogous contig, were eliminated from further analysis.
The longest putative ORF was obtained for each genotype-specific consensus sequence as described above. DNA alignments between pairs were done using virtual translation with the ClustalX method using default parameters (MegAlign DNASTAR, Inc.). Alignments were cropped to the largest sequence overlap, or between start and stop codons. For pairs for which no alignment was found, a BLASTX with both consensus sequences against the National Centre for Biotechnology Information (NCBI, Bethesda, Md.) nonredundant database was used to determine the correct frame (Altschul et al. 1990) . That ORF was then used for alignment as previously described.
Putative annotation of each gene pair was accomplished by searching against the NCBI non-redundant database using the TBLASTX algorithm (Altschul et al. 1990) and an E value of 1 × 10 -10 .
Evolutionary distances and mixtures of normal distributions Synonymous (K s ) and nonsynonymous (K n ) distances, as well as their standard deviations (SD), were calculated using the method of Goldman and Yang (1994) as implemented in PAML (Yang 1997) . Since the SD of each K s was not constant (larger values generally having larger SD's), a natural log (Ln) transformation of K s values was used to normalize the standard deviations. For determination of mixture of normal distributions, K s values less than 0.05 were not used (Kondrashov et al. 2002) . K s values greater than 1.0 were considered to have reached a saturation point where multiple substitutions may have occurred at a synonymous site and were not included (Lynch and Conery 2000) .
The Ln-transformed K s values were modeled as a mixture of k normal distributions (McLachlan and Peel 2000) . We considered models from k = 1 through k = 5 components. Each component was allowed a different mean, variance, and probability of membership in that component. The membership probabilities were constrained to sum to 1. The model for k components has 3k -1 parameters.
Parameters were estimated by maximum likelihood (ML). The log likelihood function has many false optima in which one component represents a single observation. The variance for that component converges to 0 and the log-likelihood function converges to infinity. We therefore constrained the variance of each component to be greater than 0.0001 to avoid false optima.
The log-likelihood function was numerically maximized using Splus (MathSoft Inc. 1998). We used 100 different sets of starting values, randomly chosen from the space of reasonable parameter values. Solutions with a component that represented a single observation were rejected. The ML estimates were obtained from the non-rejected solution with the largest log likelihood.
The number of components was chosen by a series of log likelihood ratio tests comparing models for k components to models for k + 1 components. The distribution of the loglikelihood ratio statistic for this test is non-standard because of the constraints on the component variances. For all number of components, P values for these tests were computed using the five degrees of freedom (5 d.f.) χ 2 distribution. The accepted number of components was determined with statistical significance of p ≤ 0.05. The number of components chosen by hypothesis testing was generally consistent with those from Akaike Information Criteria (AIC) and Bayesian Information Criteria (BIC) model selection criteria (data not shown). AIC and BIC choose a model without a hypothesis test.
Genes were classified using the maximum posterior probability rule. For each gene, the probability of membership in each component was computed from the parameter estimates and the Ln K s value. The classification of each gene was the component with the largest posterior probability.
For graphical representation of the data, normal distributions fit to the ln-transformed data were back-transformed, and the normal distribution density functions became ln-normal density functions. To determine coalescence estimates, the median of the back-transformed data was used. Using the median minimizes the impact of skewness in the synonymous distance distributions.
Pearson correlation
Clustering of libraries and contigs with respect to expression profiles was done as described by Ewing et al. (1999) and Shoemaker et al. (2002) . All EST's that comprised each TIGR TC were used to determine counts of EST's from each EST library for each contig. Data were normalized using percentage counts (EST count/library size) instead of raw EST data (Shoemaker et al. 2002 ). Pearson's correlation coefficients (PCC's) for expression profile comparisons between duplicate contigs were calculated using Excel (Microsoft Corporation, Redmond, Wash.).
Results and discussion
Identification of potential paralogs
A total of 1392 duplicated genes were identified across the 8 species studied (Table 1) . Synonymous distances (K s ) between duplicated gene pairs across all species ranged from 0.004 ± 0.004 to 5.22 ± 49.1. Nonsynonymous distances (K n ) ranged from 0.0 ± 0.0 to 0.6783 ± 0.0639. This wide range is indicative of our methods' ability to identify both more recent duplicate genes and ancient preserved duplicate genes. Using TBLASTX to search for similarity between EST consensus sequences, more divergent paralogs were identified, i.e., those containing numerous synonymous substitutions, than a simple nucleotide-to-nucleotide BLAST would have allowed. Constraining our search parameters to those alignments having 80% subject and 80% query coverage greatly reduces the possibility of identifying small motifs. Additionally, our strategy was designed to eliminate any sequence difference between cultivars that would result in skewed evolutionary distances. This was based on major differences that have been identified in maize in the bz genomic region between two cultivars, Zea mays 'McC' and Zea mays 'B73' (Fu and Dooner 2002) .
Evolutionary distances and mixtures of distributions
Our assumption was that groups of gene pairs with similar synonymous distances within a species correspond to temporally correlated duplication events, such as would be produced by large-scale segmental duplications or polyploidy. We further assumed that synonymous distances characteristic of these groups would be represented as normal distribu- tions, and each normal distribution then corresponded to a duplication event. Multiple duplication events resulted in mixtures of normal distributions.
We found evidence across all species for more than one normal distribution. Maize synonymous distances demonstrated a trimodal distribution, whereas all other species demonstrated bimodal distributions (Fig. 1) . The number of distributions, the ln-transformed mean, standard deviation of the distribution, the median, and the number of genes associated with each distribution are shown in Table 2 .
A few caveats of distance measures should be addressed. First, an overestimation of "time since divergence" can occur owing to asymmetrically bounded variables (non-elastic boundary at present and an elastic boundary in the past) (Rodriguez-Trelles et al. 2002) . Second, reduction in the precision of estimates of divergence can also be caused by variation in rates of nucleotide substitution (Wray 2001 ) and rates of substitution may vary with functional differentiation, something often associated with gene duplication (Ohta 1994; Pickett and Meeks-Wagner 1995) . Third, low numbers of EST's in contigs can result in incomplete coverage of the coding region and can result in biased distance measures. Finally, ancient duplications become saturated at synonymous sites. This leads to potentially skewed estimates of synonymous and nonsynonymous substitutions among duplicated genes and may contribute to inaccuracies in the estimation of divergence times (Ohta 1994) . Several of these sources of experimental error were minimized. Using EST contigs with large numbers of EST's increased the probability of obtaining the full coding region. Also, as the number of gene sequences increased, as with large datasets such as ours, the accuracy of the divergence estimates also increases (Nei et al. 2001) . Finally, by bounding our search to K s values less than one, we reduced the effects of saturation in more ancient duplications.
Coalescence estimates
If synonymous substitutions are selectively neutral and accumulate approximately linearly with respect to time, then the relative age distribution of duplicated genes may be inferred from the observed distribution of synonymous distances (Gaut and Doebley 1997; Lynch and Conery 2000) . We assumed that each ln-normal distribution is representative of groups of gene pairs evolving at a similar rate, and that rate is approximately equal across all paralogs. Coalescence estimates were determined using estimated synonymous substitution rates of 6.5 × 10 -9 substitutions per synonymous site per year for the Poaceae (Gaut et al. 1996) , and 6.1 × 10 -9 substitutions per synonymous site per year for the Solanaceae and Fabaceae (Lynch and Conery 2000) . Coalescence estimates correspond to the point when groups of gene pairs began evolving independently.
Grasses
Our analysis of 101 pairs of maize genes yielded three normal distributions with coalescence estimates of approximately 10, 20, and 49 million years ago (Mya) (Fig. 1) . Our results support the segmental allotetraploid model proposed by Gaut and Doebley (1997) and Gaut et al. (2000) . The divergence of the diploid progenitors probably occurred 20 Mya and the allotetraploid event 10 Mya. Evidence of gene duplication in maize has been well documented with multiple-copy RFLPs showing conserved order on homoeologous chromosomes (Helentjaris et al. 1988 ). More than 72% of the loci in maize are estimated to exist in duplicate (Ahn and Tanksley 1993) .
Bimodal distributions in sorghum correspond to two duplication events approximately 11 and 50 Mya. Previous work found 38% of RFLP probes hybridize to more than one locus (Whitkus et al. 1992) , and it has been suggested that sorghum is a paleopolyploid (Levy and Feldman 2002 ). An estimate based on two genes placed the divergence between Sorghum and maize approximately 16.5 Mya (Gaut and Doebley 1997) . However, considering the likely geographical distribution of maize and Sorghum or their immediate progenitors during that time period (Grass Phylogeny Working Group 2001), the event approximately 11 Mya in Sorghum was more likely independent of the event 10 Mya in maize.
Similarly, both barley and rice show bimodal distributions (Fig. 1) . Although the earlier distributions in barley and rice are statistically significant, these distributions were not considered to be indicative of single duplication events. These distributions had large standard deviations, greater than 0.6 (Table 2) . We believe that these broad distributions more likely reflect numerous independent duplications across time, and not a single major genome event. The more ancient peaks in barley and rice, with smaller standard deviations, yielded coalescence estimates of 60 and 52 Mya, respectively.
Our results show evidence for both segmental and wholegenome duplications in rice, as previously proposed (McCouch et al. 1988; Nagamura et al. 1995; Goff et al. 2002; Yu et al. 2002; Salse et al. 2002; Vandepoele et al. 2003) . Although the rice genome has been considered a simple diploid, there is a growing amount of evidence that its genome has undergone multiple duplication events (McCouch et al. 1988; Nagamura et al. 1995; Goff et al. 2002; Yu et al. 2002 , Salse et al. 2002 Vandepoele et al. 2003) .
The barley genome is almost double the size of maize, suggesting that duplication has played a role in the evolution of its genome. However, comparative RFLP mapping between barley and rice showed conservation of single copy sequence suggesting that the barley genome probably did not have a major duplication event after divergence from rice (Saghai Maroof et al. 1996) . Our results support this suggestion.
The genera represented here belong to three major groups of grasses, the pooids (barley), the panicoids (maize and sorghum), and the ehrhartoids (rice), all of which belong to the major radiation in the grasses (BEP + PACCAD clade) (Grass Phylogeny Working Group 2001) . In all of these species, there is evidence for a major duplication event that occurred approximately 50-60 Mya (Fig. 1) . Fossil data suggest a probable origin for the grass family 55-70 Mya, with the major radiation of the family occurring in the midtertiary, probably 15-25 Mya (during the Miocene) based on molecular clock estimates and macrofossils (Grass Phylogeny Working Group 2001; Kellogg 2001) . The simplest explanation is that the duplication event occurred in the most recent common ancestor of the pooid, panicoid, and ehrhartoid grasses, but it could have occurred very early in the diversification of the family, perhaps even in the ancestor of all grasses.
Solanaceae
Our results suggest tomato is likely a paleopolyploid, with a large-scale genome duplication having occurred approximately 52 Mya (Fig. 1) . Because of its large standard deviation we do not use the more recent peak for coalescence estimation ( upwards of 50% of the genes exist as members of a gene family (Van der Hoeven et al. 2002; Bernatzky and Tanksley 1986) . Previous studies also suggested that tomato is an ancient polyploid ( Van der Hoeven et al. 2002; Ku et al. 2000) . Kennebec, the potato cultivar chosen for this study, is a cultivated, tetraploid, out-crossing variety (Bonierbale et al. 1988) . Our finding of a relatively recent grouping of duplicated genes corresponding to a major duplication event about 13 Mya was thus anticipated. This date, presumably, is the time at which the average gene shifted from tetrasomic to disomic inheritance in tetraploid potato. Our results coincide with previous studies, suggesting that multiple rounds of duplication have occurred in the evolution of potato (Gebhardt et al. 2003) .
The more ancient duplication in potato, 50 Mya, is most likely shared with tomato, 52 Mya, and represents a polyploid event early in the evolution of the Solanaceae. Colinearity is well conserved at the genetic map level between tomato and potato (Bonierbale et al. 1988; Tanksley et al. 1992) . A previous divergence estimate between tomato and potato at 11.6 ± 3.6 Mya was obtained from members of the actin gene family using nonsynonymous distances (K n ) (de Sa and Drouin 1996) . Our results, using synonymous distance estimates from a larger sample set, suggest similarly that tomato and potato diverged some point before 13 Mya (Fig. 1) .
Legumes
Two major duplication events 15 and 44 Mya in soybean were found in our analysis (Fig. 1) . Study of relationships within soybean gene families has long suggested that soybean is an ancient polyploid (Shoemaker et al. 2002; Lee and Verma 1984; Hightower and Meagher 1985; Grandbastien et al. 1986; Nielsen et al. 1989 ). Hybridization-based genetic maps are consistent with these findings (Shoemaker et al. 1996; Lee et al. 1999; Lee et al. 2001) . Combined data from nine mapping populations uncovered extensive homoeologous relationships among linkage groups, with 90% of soybean RFLP probes detecting more than two fragments (Shoemaker et al. 1996) . In fact, nested duplications were observed, suggesting that one of the soybean genomes involved in recent tetraploidization may have undergone duplication before tetraploidization (Shoemaker et al. 1996; Lee et al. 1999; Lee et al. 2001 ). Doyle et al. recently suggested that the soybean genome duplication was likely an autopolyploidy event, but may have been an allopolyploid event (Doyle et al. 2003) .
Our results also suggest that Medicago underwent a major genome duplication event approximately 58 Mya. This is likely before the divergence of the Medicago and soybean lineages (Wojciechowski 2003) . If true, then this event should be seen in the soybean genome as well, and the duplication event estimated to have occurred 44 Mya is the likely candidate. We cannot rule out skewing of estimated coalescence times owing to lineage-specific rate differences between soybean and Medicago. If the events in soybean and Medicago that occurred 44-58 Mya were a single event, then the difference in the rate of K s is 1.3 times greater in Medicago than in soybean.
When gene trees are constructed from triplet and quadruplet sequences in soybean and Medicago, topologies predicted from a shared ancient event are found more frequently than are patterns expected from independent duplications (B.E. Pfeil, J.A. Schlueter, R.C. Shoemaker, and A comparison of nonsynonymous distances (K n ) to PCC values suggests that even though the amino acid structure of the duplicated genes is changing, expression patterns often remain similar. Interestingly, four gene pairs in soybean and one in tomato seem to maintain a strong positive relationship of expression pattern with large K n distance (Fig. 3) . In soybean, these genes show similarity to isoflavone reductase, dynein light chain, peroxidase, and an unknown gene; in tomato, the gene was similar to a glycosyltransferase.
When we further examine K n values and PCC values in the context of the relative ages of duplicates, an interesting trend appears: PCC values of ancient duplicates are intermixed with those of more recent duplicates (Fig. 4) . This coincides with our observation of strong negative selection among duplicated genes and also suggests that newly duplicated genes accumulate nonsynonymous substitutions and then, seemingly, stabilize.
Our observations agree with Lynch and Conery (2000) and Kondrashov et al. (2002) , suggesting that duplicated genes experience a brief period of relaxed selection immediately after duplication. The duplicates surviving this initial process then remain relatively stable. Further, it has been suggested that during this relaxation in selection pressure, duplicated genes affect the fitness of the organism, leading to a temporary evolutionary advantage (Kondrashov et al. 2002) . The efficiency of purifying selection has been estimated to increase approximately 10-fold after the initial relaxed selection (Lynch and Conery 2000) . As a result, it has been hypothesized that the relaxation in purifying selection is the main driving force of duplicate gene evolution, while positive selection plays a lesser role (Kondrashov et al. 2002) .
Our results show that genome duplication has played a prominent role in the evolution of the Poaceae, Solanaceae, and Fabaceae. In all species, we found evidence for putative segmental and whole-genome duplications. Our analysis has shown that most duplicated genes are under negative, purifying selection. We do see evidence for some genes under positive selection; however, their numbers are few and not conserved across species. Large public EST databases and Pearson's correlation coefficients provided us with a mechanism to examine gene expression of duplicate genes. Analyses such as this take advantage of the resources available to answer evolutionary questions that we have previously been unable to answer. As more sequence becomes available, our understanding of how genomes evolve will progress.
